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Abstract

‘1’be Cassini  spacecraft is scheduled for launcli  to Saturn in October of 1997. l)rrring portions of the
mission, momentum wheels will be used for attitude control. When the angular momentum of any
wheel reaches a specified maximum, it will be necessary to reduce the angular momentum. ‘Ibis will
be done by having the spacecraft exert a torque on the wheel. This in turn will generate a torque by
the wheel on the spacecraft that will cause the spacecraft to undesirably spin unless countered by
an opposing torque. Therefore, during momentum wheel dumping, attitude control thrusters will be
used to provide this opposing torque so that the spacecraft maintains an inertially  fixed rotational
state. However, since some of the thrusters are uncoupled, the spacecraft center of Inass velocity,
A+.,,], will change. ‘l’his change will have a significant impact on the spacecraft trajectory, orbit
determination and maneuver design and must  therefore be understood.

RO1’RAN is a computer ~mulation package developed by this author for JPL navigation for the
purpose of generating the AVCrn resulting from attitude maneuvers. fi07’RA N will be used here to
study the AVC,,,  resulting from momentum wheel du]nping.

Given the studied thruster configurations, it will be shown that At “c~~ IS approximately inde-
pendent of the body fixed z component of the total torque applied to the wheels and approximately
linearly related to the zy components. Separate linear coeflcients  can be applied in each quadrant
of the zy plane. l’he  approximations are valid to witbin about +5% in most cases.
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1 Introduction

●

‘1’he goal of project Cassini  is to extensively study the Saturnian planetary system. The Cassini
spacecraft is scheduled for launch in October of 1997 with an arrival al Saturn in Jrrne of 2004.

l’he  Cassini  spacecraft attitude will be controlled by a combination of momcntrrm  wheels  and
thrusters. Momentum wheels are speed controlled wheels on board the spacecraft. IIy applying
appropriate torques to speed up or slow down the WIICCIS, opposing torques on the relnainder  of
the spacecraft will cause a counter rotation, the pro~>er  use of whicli will lead to the desired new
attitude.

At various times, combinations of the whcclswillrcach [llaxirt~lll~~s~}il~ratcs,  atwhich pointtl}e
spin rater nustbe reduced. ~’hisis  called rl~or~lcllturll wrllecl du]nping  andisaccomplished by applying
an appropriate torque to the wheel  Ilowever, just, as ir) attitude control, the spacecraft will counter
rotate unless a counter torque i~ fi’plied,  ‘l’his counter rotation is undesirable. Therefore, a counter
torque is provided by thrusters such that the spacecraft rotational state remains inertially  fixed (to
a first approximation) during the dump. The thrustcm  are controlled by the Cassini Attitude and
Articulation Control System (AA CS [I], [2]).

The thruster firings during dumping generate a center of mass velocity change, A~c,,,, that will
have a significant impact on the spacecraft trajectory, orbit  determination and maneuver design.
liherefore,  this change must be understood. For this and other reasons, the computer simrrla~ion
package ROTRAN was designed and developed by this author for the purpose of studying the AVC~
resulting from general attitude maneuvers. ROTRAN will be used here to study the A~C,,, rcsult,ing
from thrusters firings used to provide counter torques during ~nomentum wheel dumping.

It will be shown that A$C~7t, under conditions studied  here, is independent of the total ~ conl-
ponent of the torque on all the wheels and linearly related to the x and y components. Different,
linear coefilcients  apply in each of the four quadrants of the ry plane.

2 Dynamics Of A Momentum Wheel Dump

2.1 The Torque On The Wheels

A picture of the Cassini  spacecraft is shown in Fig, (1). The spacecraft is divided into two disjoint
sets. One set consists of the momentum wheels only. The other consists of the remainder of the
spacecraft, called the basebody. [S’1 and [B] are parallel basebody  fixed frames. The origin of [B] is
at the ba,sebody  center of mass while the origin of [S] is general.

The axis of rotation of each wheel is assumed fixed relative to [B]. Each wheel is assumed
symmetric about its axis of rotation.

Under the above and other symmetry conditions, the torque exerted by t~e basebody on a given
wheel is opposite the torque exerted, by the wheel on the basebody. I)efine NU, b as the total torque
on all wheels due to the basebody. The torque on the bascbody  due to all wheels is therefore
tibu) = ‘fiu, b. The total :orque on the basebody, fib,  is assumed to consist of torques from the
wheels and thrusters only (Nt), It is this torque that is used in the ]tuler equations for the basebody
to determine its attitude and attitude rate,

fib = fit + fibu,

=  ~t –  fiu,b

1)

2)



Assuming  that, only the basebody  exerts  a torque on aay wheel, thI> “6” wi]] be dropped in fiu,b and
written NU, .

‘J’he following is assumed for an actual wheel du]np. I’irst of all, the dump begins with [}]]
having O angular velocity relative to inertia} space. ‘1’he torque  on N’lIeel  i, fiwj,  k commanded to
remain fixed relative to the basebody  for a given time A7~,, ~. ‘1’hc  torque will point along the axis
of rotation, In this study, -A’i’~i is the same for all whec]s, A7L.  ‘1’llerefore,  the total torque on all
the wheels is constant at NU, during A7L, and zero otherwise. For each value of fiu,,  a A~C,,, will
result as the base~ody  att:mpts to remain incrtially  fixed during t hc tilne  A I;,. C~haractcri T,ing the
dependence of AVC,,,  on NU, under the above conditions is the prin]ary  goal of this stucly.

Note that all that maters is the total torque fiu,,  regardless of h:w  the wheels are oriented relative
to [1)]. ‘1’herefore,  the remainder of this study will involve varying N,,, without consideration of wheel
orientation.

2.2 Predicted Velocity Changes

Pig. (2) shows the positions of the AACS thrusters in two configurations relative to [S] (Note  that
Fig. (2) is upside down relative to Fig. (l), for the high gain antenna points in the –z direction). In
the case of Fig. (2a), turns about the z axis are accomplished using either  thruster pair (1, 2) (for –~
turns) or (3,4) (for +r turns). Since each member of the pair points in the –z direction, corrections
about the z axis will generate a –z component of A~Cr,,, Corresjjondingly,  turns about the y axis
are accomplished using either thruster pair (1, 4) (for +y turns) or (2, 3) (for –y turns). Agai Il,
corrections about, the y axis generate changes in A~C,,l along —Z. By contrast, rotations about thr
2 axis are accomplished using either thruster pair (6, 7 ) (for +: t urns) or (5, 8) (for —z turns). ‘1’hese
pairs are coupled and therefore lead to no CM velocity chaligc. If fit,, has a 2 component, Nu,, > (),
then [B] will include in its motion a turn about the ~ axis, Once the deadband is reached, thruster
pair (6, 7) or (5, 8) will fire to correct tile z error. Since tllesc pairs are coupled, they have no etl’cct
on A~,,~. q’he first prediction is that A<

.
C,,t is independent of the : component of NU, given an r

and y component.

The z component NWC will generat~  an x axis turn of [B] Again, when the deadband is reached,
thruster pair (1, 2) or (3,4) will fire accordingly. In either case, as onc can see from Fig. (2a), the
resultant A~C~ will be in the —z direction. Note that the basebody will cycle through hitting the
deadband followed by thrusters returning the state to within the deadband. This will take place
throughout ATW. Note that the larger the torque, the sooner the deadband  is reached in each cycle,
and the longer the thrusters fire throughout AT.,. Assuming a linear relationship between the total
firing time and NWr, then, using Newton’s laws, V,n,, will linearly increase in magnitude in the –z
direction with increasing magnitude in NU,2. Vcnlz = O for N.,, = 0.

Now consider the case where NU)y is fixed and nonzero and where A’wr is allowed to vary. I’he
constant NWY will add to the amount of time that the thrusters fire during A7~,. It is assumed that
all this will do is add an offset to the Vc~iz vs Nti, i- curve in the —: direction. This assumption is
valid if there are not too many sample ~~eriods where r and y corrections are simultaneously ]Ieeded
(otherwise only one common thruster from two pairs will fire [1]).

Finally, the
make clear the
were generated

relationship between r and y can bc reversed  in the above argument. ‘1’his  shoulcl
3~ plots  of Vcmz Vs (Ilu, r, }lU,Y) (see Eqs. (3) and (5)) in Figs, (4) and (5) ~vhich
using ROTRAN.
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Figure 2: ‘1’wo thruster configurations in [S]

3 Simulation Results

3 . 1  O v e r v i e w

l’he  first step will be to establish the independence bctwec]i A~C,)l  and NWZ. Given, this tkle.. ,
)’ ‘varlatlorl  of AVC~~~ with the xv component, of the torque, (i$r~, ~, N~,y , WII1 be studuxl  with i}ti,~

conveniently set to O. Table (1) is a list of paramtiters  that arc constant for all cases (thrustcx
coordinates are taken from reference [3] ).

3.2 The Relationship Between A~C,,, And A’.,:

3.2,1 Case Description

In this case, (Nwc, NWY) ‘are held fixed while N, is allowed to vary, as shown in Fig. (3). Ilight
settings of (NWC, NWV) are used. They include four cases where  the ~y component is along (*z, +y)
and four cases where the xy component is along the 45° diagonal.

l’his  case will use the thruster configuration in l’ig. (2 b). Ilowevcr, the thrusters used for z axis
turns are coupled as in the conflguratio]i  in Fig, (2a). ‘] ’hercfore, the generated A~cn,  should be
indepel~dent  of Nu,l for the same reasons discussed in Section (2.2). IIowever,  the total A~C,n is
not all m the —2 direction because x facing thrusters are used to generate y axis turns, Therefore,.
AV~~~ will in general have an z and z component. Nevertheless, if independence between AVC,,,
and Nu,: is found for the configuration in Fig. (2 b), then independence will also be assumed for the
configuration in Fig. (2a).

Parameters for this case are in Tables (1) and (2).., ./
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*

Paramctc!r Value
control law.

————.——-_—. ———_—_—
‘13 ANG/13AING

l)ead  band (radians, (XYZ)). 2 * lo-~-
AACS’ salnple  time At, (SCC).

- .-— — . — .  — -
0.125

R07RAN s a m p l e  t i m e  At, (SCC).  —
— -

0.025
llANG/BANG time  constant (s;conds  (~}Z)).

-.
3

Thruster force magnitude (N). 0.51 –

Thruster on time in each AACS salnp]e  pmod.
—=— . . . .. -—...-. . .. ——— ——

At,

“-u-–---–”-Iz::~TMomentum wheel on time A7;,  (SCCS).—

~~==1 i.m
XY coordinates in [S] (meters)

coordinate of 3 mctms)

2 –1.25

‘z

1.58
3 –1.26 ‘— –1.58——
4 1,25 ‘ - - - — .  _ _ _ –1.58
5 1.26 1.58—-
6 1.25 –1.58
7 –1.25 1.58
8 –1.26 –1.58

Table 1: I’arameters  constant for all cases

Parameter Value
Fksebody  center of mass in [S] (meters) (-0.05 S287, 0.020037, 1.266)
Spacecraft mass (including wheels) (Kg) 2.425* 103

Basebody  inertia tensor in [B], *x, XV, VU, z-z, yz (5939.3, -86.469,4997.3,-13.04, 101.94,2937.7)
and zz (}{g&lz)

t
I ———.——.-..———

7 + .Y 1

I i -. —. —.—. — .——. ——
8 + .Y——... —.— .—–3

Table 2: Additional parameters constal]t  for stucly of A~C,,l vs NU,Z



6

z

-iW
Y

,’
. .

.’
.’

.“
.’

,“

x

(x,y) components of this

‘— line are constant

Figure 3: Geometry for determining the relationship between A~C*l and N.,.
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(NW”,  J?’uy) = (4,0)* lo-~.vAf—.——
Test Nu,z(NAf) Final velocity in [1)] (m/see)

1 0.0 * lo-

‘2 :Eiibskf-i

–5.303551445040~52 * 10-T --1 .874931066234415* 10- —–1.208768437155959* 10-~
2 2 . 0 * l o -
3 4 . 0 * l o -
4 –2.0 * lo-
5 –4.0 *lo-~ .

‘l’able 3: Best case result  in study of A~C.n,  vs fiti,,

(A’w,  Nu;v)  = (2.828, -2.828)*  10-?NA1

Test N.,, (NM). -velocity in [B] (m/see)
1 –4.O*1O-2

~-:-iti

–6.848881496764135 * 10-4 .’- ‘< .-
2 –3.0* 10-2 –6.848878632807274 * 10- -1:6’70456741953223 * 10-
3 -2.0* lo-~ –6.848891400792487* 10-T -2.652 Ubl C17f)69b279  * 10-

4 –l.o *lo-~ –6.848897620310880*~0 -

5 O. O*1O-2 –6.848928345360353 * 10- -1.235261340256961 * 10-

6 I. O*1O-2 –6.848938827350818 * 10-

7 2.0* 10-~ –6.848946520517795 * 10-

8 3.0* 10-2 –6.848939578274178* 10- ; :%~:-!%:!E3
1 1

t
9 4.0* 10-2 ] –6.586082204541109 *10-4 ] - 1.605614433763609*10-( ] -7.348432765430558* 10-g—- —————.

Tab1e4:  Worst case resultinstrldyof  A~C,,l v s  fiu,,

3 . 2 . 2  R e s u l t s

‘I’ables (3) and (4) are respectively best and worst case results. In’I’able (3), thexrJtorque  is along
the+x axis. In this case, –2 facing thrusters are used (Fig. (2b)). ‘I’herefore,  thedonlinant  velocity
component isin the -z direction. Thisshows in the table since the z and yvelocity  components are
two to three orders of magnitude below t}]e 2 co~nponent.  I’hese components are therefore ignored.
Note also that the z component has no variation thru the first seven significant digits. In ‘1’able (4),
the xy torque is in the (+x, –y) direction, In this case, –x and -2 facing thrusters are used leading
to dominant velocity components in the same directions, Again, this occurs since the y conlponeat
is better than three orders of magnitude less. The z component has a maximum variation of about,
0.0263 * 10-3 m/see or approximately 4?10 of the mi]limum  value. ‘1’herefore, it is concluded that
A~Cm, is independent of NWZ to within a 470 variation in the worst case,

3.3 The Relationship Between A~CTlz And (A’U,l,  A’LL,U)

3.3.1 Case Description

In this c~e, A$C~>~ is assumed independent of N~, ~. ‘1’llcrcfore,  NU,Z is set to O. (Nu, =, Nu, u ) is varied
in discrete steps over a square in the ry plane centered at ttlc origin. la other words,
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Thruster  directions used for 110.11 and lc:OM condiitom.—. —. —.—. —

R3El
Thruster  Unit Force

Mass properties for BOM  and };Oh~ conditions—— . .-- —..——.——

[ Parameter
- - q – . - . _

IIOM Value I
———

EOM Va]uc 7

--If3f$_~%:lSpacecraft mass (including wheels) (I{g)
Basebody  center of mass in [S] (meters)

Wrsebody iner t ia  tensor  in  [B],  top row =
(zx, zy, yy), bottom row = (x.z, yz, ZZ) (A’gA4’)

Table 5: Parameters constal)t  for }1014 and I1OM cases

where —n. < n*, nY ~ TIO, no = 10 and AN = 0.01 NAJ.  l’or  each (Nu,z,  Nu,y), a A~Cn,  is generatecl.
Given the constant wheel on time A7~, (’1’ab]c  ( 1 )), one can define the following angular momenta.

(Hw.,  H . , )=  A7L(Nu,r,  N.y) (4)

‘l’his leads to the following rewrite of Eq. (3) wl~cre  AII = A7h, AN.

From Table (l), A}i  = I. ONMS.
The above will be done in two subcases.  One for beginning of mission (BOM)  conditions. ‘1’he

other for end of mission (EOM)  conditions. These two subcases  have been chosen because they
provide an envelope (of some kind) surrounding lnost other  situations.

Parameters constant for BOM and L’01t4 conditions are in ‘1’ables  (1) and (5). Mass properties
(total mass, center of mass and inertia tensor) are take,,  from reference [3], In these two subcases,
the thruster configuration of Fig. (2a) will bc used. ‘J’hcrefore,  the velocity change will be in the –z
direction, as described in Section (2.2).

3.3,2 R e s u l t s

‘I1hree dimensional contour plots of V, vs (HU,T, II,(u)  are shown in l~igs. (4) and (5) respectively for
l?OM  and EOA4 cases. These plots were generated usi)lg raw data as outlined by lq, (5). Note
that the plots have the general characteristic discussed ill Scctio~l (2.2). Also note the larger velocity
in Fig. (5). This is due to the reduced mass in tl~is case (’liable  (5)). l~igs. (6) and (7) are 2D contour
plots respectively for BOM and EOAf  conditio]ls.  I~roln Figs. (4) to (7), it should be clear that for
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each quadrant of (NU,r, N~, V), the 3D contour plots  of v: vs (N~,.~’Y)  approxinlately  form a Plane.
q’husthe following holds with ingeneral clifrercnt  cocfficitxits ineachquacfrant  and wherei= 14
respectively corresponds to quadrants (+z, +-y), (-I r, – y), (–t, –y)  and (–r, +y).

The coeflcients  Ci = (Ca=, Ciy)t are found using a pseudo-inverse technique. First, assume that n
of the data points in Eq. (3) are in quadrant i. ‘1’llen  one has the following.

V is a column matrix such that V~ = Vn,Z. Also define  the (n x 2) matrix Hu,rg such that its mth
row IS (HU, nlT, }lWn,U).  l’his  leads to the next equatiotl.

Now multiply the above by the transpose, H~, rY.

The matrix H~,rVHWZV  is square. If it has an
multiplies the above equation.

‘I’his equation will be evaluated for each quadrant

(8)

(9)

nverse, then the next, equation results when it

(lo)

Results for each quadrant for BOM aI;d EOM conditions are shown in Figs. (8) thru (15). l;ach
figure contains three contour plots. ‘l’hey include one generated from R07’YtAN  simulations, one
using the linear approximation of Eq. (6) and one of the percentage difference between the previous
two.
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Figure 4: 3D contour plots of L\ verslls ( ff ,Cr, ffu, v ) for BOM conditions
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Figure 5: 3D contour plots of V z versus (Hwz, HWV) for EOA4  conditions
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Contours of Constant DVZ, mrrds
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Figure 6: 2D contour plots of V: versus (HWZ, HWY) for BOM conditions
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Contours of Constant AVZ (mrnhec)
End of Mission
- ROTFUN -
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13

Figure 7: 2D contour plots of V, versus (Hv=,  HWY) for EO&f conditions
/
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Figure 8: Linear approximation results - (BOM, quadrant 1)
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BOM - Second Qrtadrrrnt

ROTMN

-1-

-2-

3 -5-
8
s -6-

-9- -~
●

. -10, i I I I 1 1 I I I
0 1 2 3 4 5 6 7 8 9 10

Contours of Constant AVZ (mm/see)
BOM - Second Qumirsnt

Computed
AVZ = -.125*~X  + .156*AHv

0; .

-1-

-2-

8 .3-
8

m -4-
5
3 .5-

! .6-

% -7-
=
a -8-

-9-

-10 , I I I I I I I I I
01234567 8 9 10

Al-k Newum Merer Seconds AHx, Newton Meter Seconds

Contours of Consrartt  % Error
BOM - Second Quadram

o

-1

-2

-3

4

-5

-6

-7
.

-8

-9

-lo
0 1 2 3 4 5 6 7 8 9 10

AHx, Newton Meter Seconds

Figure 9: Linear approximation results - (BOM, quadrant 2)



16

Contours of brtstant  AVZ
BOM - Third Quadrant

ROTRAN
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Fig

3 SIMULATION RESULTS
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;ure 10: Linear approximation results - (BOM, quadrant 3)
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Corttotm of Constant  AVZ (rntnhcc)
BOM - Fourth Quadrant

- ROTRAN -

Contours of Constant Avz (mtn/see)
BOM - Fourth Quadrant
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AVZ = 0.1 14219*AHx  - 0.144636*AHv
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Figure 11: Linear approximation results - (BOM, quadrant 4)
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Contours of Constant AVZ (snm/stx)
End of Mission -Fust Quadrant
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3 SIMULATION RESULTS

Contours of Constant AVZ (mm/see)
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Figure 12: Linear approximation results - (EOM, quadrant 1)
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Figure 13: Linear approximation results - (EOM, quadrant 2)
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Figure 14: Linear approximation results - (EOM, quadrant 3)
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Figure 15: Linear approximation results - (EOM, quadrant 4)
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.

_(+x, +?J) (-0i2:-O.15) (-0.34018, -ti7198)
(+x,  -Y) (-0.125,0.156) (-0.2837,0.3346)
(-x, -y) (0.12,0.152) (0.29522~,  0.344774)
(-2’,  +y) (0.114249,-0.144636) - (0.355194, -0.450695)

Table 6: I,inear  coefficients for each quadrant, HOM and EOM

4 Conclusions

A~C~,  is independent of Nu,. to within about 4$Z0 at worst as shown in Tables (3) and (4). l’he
linear approximation of Eq. (6) is valid with a dominant 4% to 10’% error as can be seen in Figs. (8)
thru (15). Acceptance of this approximation eliminates the need to use the full power of ROTRAN
to generate A~C,n except for an initial generation of runs needed for the pseudo-inverse of Eq. (10).

Note that the coefficients Ci depend on mass properties, thruster configurations, the control law,
etc. If any of these change, then new coefl’icicnts  will have to be generated accordingly,

Table (6) summarizes the coefficients.
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